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SUMMARY 79 /;L<7

An investigation has been made to determine the low-speed static stability
charecteristics and the rolling and yawing dynamic stability derivatives of a
series of thin flat-plate delta wings having leading-edge sweep angles of 70°
to 84°. The investigation showed that the static longitudinal stability, the
directional stability, and the effective dihedral increased with increasing
sweep. The static lateral derivatives were linear at low angles of attack but
became increasingly nonlinear with increase in angle of attack and Increase in
sweep. The values of the rolling and yawing osclllation derivatives were gen-
erally small and relatively unaffected by sweep at the lower lift coefficients
but very large values of the derivative were obtained at the higher 1ift coef-
ficients for the higher sweep angles. The theoretical prediction of the longi-
tudinal stability, effective dihedral, and lateral oscillation derivatives
(except Ciy) at low 1ift coefficients is in fairly good agreement with the

measured values.
INTRODUCTION

The present investigation was made in order to determine the stability char-
acteristics of delta wings having the sweep angles being considered for some high-
speed and reentry configurations. References 1 and 2 present data for delta wings
having a wide range of leading-edge sweep angles up to 82.9° and 86.5°, respec-
tively. The data of reference 1 show large changes in some of the derivatives
between the sweep angles of 760 and 82.9°. Because neither of the investigations
of references 1 and 2 considered wings with intermediate sweep angles, the present
investigation was made in order to determine in more detail the stability char-
acteristics of delta wings in this sweep range. The wings had sweep angles of
70°, 76°, 78°, 80°, 82°, and 84° and a thin flat-plate cross section. Static
tests were made for all the wings through an angle-of-attack range of -2.5° to
40° and rolling and yawing oscillation tests were made for all the wings except
the T0° wing through an angle-of-attack range of 0° to L40°.
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SYMBOLS

The longitudinal data are referred to the wind axes and all lsteral stability
data are referred to the body system of axes (see fig. 1) originating at the
moment reference position of 40.0 percent of the mean aerodynamic chord of each
wing. All measurements are reduced to standard coefficient form and are based on
the area and spen or mean aerodynamic chord of the respective wings. The coeffi-
clents are presented in terms of the following symbols:

A aspect ratio, b2/s
a length from center of gravity to trailing edge, in.
b wing span, ft

[} }

mean aerodynamic chord, ft

Cy root chord, in.

D drag, 1b

Fy side force, 1b

k reduced-frequency parameter, wb/2V

L 1ift, 1b

L/D lift-drag ratio

My rolling moment, ft-lb

My pitching moment, ft-1b

Mgz, yawing moment, ft-1b

D rolling velocity, radians/sec

P rolling acceleration, dp/dt, radians/sec?
a free-stream dynamic pressure, 1lb/sq ft

R radius, in.

r yawlng velocity, radians/sec

T yawing acceleration, dr/dt, radians/sec?2
S wing area, sq ft

t time, sec



v lateral velocity, ft/sec

v free-stream velocity, ft/sec
Xcg distance from two-thirds root-chord station to center of gravity
X,Y,2 body reference axes unless otherwise noted

a angle of attack, deg

B angle of sideslip, sin-1 %, deg or radians

. ap

B dat
A angle of sweep, deg
Q angle of roll, radians
¥ angle of yaw, radlans
o = 2nf radians/sec
Cp drag coefficient, D/qgS
Cy rolling-moment coefficient, My/qSb
CZB = %%l per degree or per radian
CL - 1ift coefficient, L/qS
CLa lift-curve slope per degree
Cm pitching-moment coefficilent, My/aSc
Cn yawing-moment coefficient, Mgz/qSb
Cpg = Lo

ng = SE_ per degree or per radian
Cy side-force coefficlent, Fy/qS
oCy .
Cy, = — per degree or per radian
B OB
ml mn &Y

C = C = C =

Zr a Q Ny a z_.t_’ Yr a _I_'P_

2v av v



2 Cn Cy

oV ov oV

Clé = §_C_Z-__. Cnfg = BCn CYI‘3 = .@9.'1.
5 Bo 5 Bb 5 Bb

v i oV

Cie = Cnp = Cys =

N > 12 N Yr 5 102
hve ky2 Lye

Cz' = &Z Cn. = a}n CY' = mY
1) O P . D P . D

5 BbE 5 B2 5 BB
Lv2 Lv? Ly2

The term "in-phase derivative" used herein refers to any one of the oscil-
latory derivatives that are based on the components of forces and moments in phase
with the angle of roll or yaw produced in the oscillatory tests. The term “out-
of-phase derivative" refers to any one of the stability derivatives which is
based on the components of the forces and moments 90° out of phase with the angle
of roll or yaw. The oscillatory derivatives of the present investigation were
measured in the followlng combinations:

Cip + Czé sin a
+ Cné sin a ) Out-of-phase rolling derivatives
CYP + CYB sin a

\
CZB sin a - k2czﬁ

Cnﬁ sin a - kgcnﬁ > In-phase rolling derivatives

CYB sin o - k20Y§
v

r - Czé cos a

Cnr - Cné cos a Out-of-phase yawing derivatives

Cy, - Cyé cos a

o



Cig cos a + k2sz
CnB cos o + k2Cnf In-phase yawing derivatives

CYB cos a + kQCYi,

APPARATUS AND MODELS

The static and rotary oscillation tests were conducted in a low-speed tunnel
which has a 12-foot octagonal cross section. Detailed descriptions of the oscil-
lation apparatus and methods of obtaining and reducing the data are given in ref-
erence 3. The models were sting mounted and the forces and moments were measured
about the body axes by three-component internal strain-gage balances. A sketch
of the test setup for making the oscillation tests is shown in figure 2.

A three-view sketch of the model arrangement and a table of dimensions is
presented in figure 3. The wings of the models were made of 0.125-inch aluminum
alloy with 0.063R leading edges and the fuselages were made of 0.031-inch aluminum
alloy. Because the purpose of this investigation was to determine the character-
isties of the wings alone, the cross-sectional area of the fuselsge-shaped fairing
was kept to the minimum required to accommodate the balances. In addition to
shielding the balances from the wind, the fairings provided longitudinal stiffness
to the wings.

TESTS

All the static tests were made over an angle-of-attack range from -2.5° to
40° and the oscillation tests were made over an angle-of-attack range from 0° to
4O®. ©No oscillation tests were made for the 70° swept wing. The static lateral
characteristics were determined from runs made at various angles of attack over a
sideslip range of +20°. The oscillation tests were made for a reduced frequency
paremeter k of 0.10 and rotary oscillation amplitudes of 150,

The static tests were made at a dynamlc pressure of 2.9 pounds per square
foot which corresponds to an airspeed of 49.6 feet per second at standard sea-
level conditions and to a test Reynolds number of 316,000 per foot. The oscil-
latory tests were run at a dynamic pressure of 3.4 pounds per square foot which
corresponds to an airspeed of 53.6 feet per second and to a test Reynolds number
of 342,000 per foot.
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RESULTS AND DISCUSSION

Static Longitudinal Characteristics

The basic longitudinal characteristics of the wings are presented in fig-
ure 4. Cross plots of the variations of lift-curve slope with aspect ratio and
of maximum value of L/D and of aerodynamic-center location with sweep angle
are presented in figures 5, 6, and 7, respectively.

Lift and drag.- The data of figure 4 show that the lift-curve slope, the
maximum lift-drag ratio and, in general, the maximum 1ift decreased with
increasing sweep angle. A comparison between measured and theoretical variation
in lift-curve slope at zero 1lift with aspect ratio is presented in figure 5. The
measured values were taken from figure 4 and from references 1, 2, and 4 and the
theoretical values were determined from the method of reference 5 which limits
itself to aspect ratios below about 1.0, and from the method of reference 6 which
is valid up to much higher aspect ratios. The measured values are in better
agreement with the theory of reference 5 at the lower aspect ratios but approach
the theory of reference 6 at the higher aspect ratios.

The variation of maximum lift-drag ratio with sweep angle is shown in fig-
ure 6. The data show a systematic decrease in the maximum value of L/D with
increasing sweep angle.

Static longitudinal stability.- The data of figure 4 show that the static
stability at low angles of attack increased slightly with sweep angle and that
all the wings experienced a decrease in stability in the higher angle-of-attack
range. The increase in stability with increasing sweep at low angles of attack
is shown more clearly in figure 7 where the variation of aerodynamic center with
sweep is plotted. The experimental values for the wings of this investigation
are in good agreement with those of reference 1.

Static Lateral Characteristics

The variation of the coefficients Cy, Cp, and C,; with angle of sideslip
for various angles of attack is shown in figure 8. The curves are generally
linear at the low angles of attack and become increasingly nonlinear with incresase
in angle of attack and increase in sweep. In addition to becoming nonlinear, the
curves for the 820 and 84° sweep wings became asymmetrical about zero sideslip.
This effect is attributed to asymmetrical disposition of vortices off the sharp
nose which has been noted in other studies. (For example, see refs. 7 and 8.)
The data of figure 8 are summarized in figure 9 in the form of the stability
derivatives CYB’ CnB’ and CIB plotted against angle of attack. In figure 10

the same derivatives are plotted against 1ift coefficient for the low 1ift coef-
ficient range (O to 0.6) where the derivatives are fairly linear for comparison
with theory and other experimental data. The values of the derivatives were
obtalned by taking the difference between the values of the coefficients meas-
ured at sideslip angles of 5° and -5° except for the 82° and 840 swept wings.
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In these cases an adjusted zero sideslip angle was assumed to make the curves
symmetrical and the slopes were determined from coefficients measured at 50 and
-50 from the adjusted zero, that is, in the steeper portions of the curves.
Since some of the data are nonlinear, these derlvatives should be used only to
indicate trends and to provide approximate comparisons of the various wings.

Directional stability.- The data of figure 9 indicate that all of the wings
have about the same low value of directional stability CnB up to an angle of

attack of 15° or 20°, but increased sweep resulted in very high values of direc-
tional stability at high angles of attack for the wings swept 820 and 84°. The
data presented in figure 10 show that there is a systematic increase in direc-
tional stability with sweep for the lift-coefficlent range from about O to 0.6
except for the 840 wing. In this case, although the slope is greater than that
of the 82° wing up to a lift coefficient of about 0.2, the directional stability
decreases with further increase in Cj for the range shown. This 1s in qualita-
tive agreement with the data of reference 1 which slso show an increase in direc-
tional stability with sweep up to the most highly swept wing (82.9°) which also
had an unstable break but at a lower 1ift coefficient. The varlation found in
the tests is in disagreement with the simple theory of reference 5 which gives

a value of O for all conditions of sweep and 1ift coefficlent.

Effective dihedral.- The data of figures 9 and 10 show that there is also
a systematic increase in effective dihedral CZB with increasing sweep at lower

angles of attack and that there were very large differences in the values of CZB
for the varlious wings in the high angle-of-attack range. The varlations of CzB

with 1ift coefficient shown in figure 10 are essentially linear for the 1ift-
coefficient range shown. The variation of CZﬁ/CL (the slopes from fig. 9) with

aspect ratio from tests 1s compared with the theory of reference 5 in figure 1l.
The test results show the same trend as the theory but the experimental values
are approximately one-third lower than the calculated values.

Side force.- The data of figures 9 and 10 show that all the wings had about
the same small negative value of side-force parameter CYB at low angles of

attack. As the angle of attack increased CYB became positive for all the wings,
the values being greater for the more highly swept wings.

Oscillstory Lateral Stability Derivatives

Out-of-phase derivatives.- The variation of the out-of-phase rolling and
yawing osclllation derivatives with angle of attack is presented in figure 12.
A cross plot of these data (fig. 13) shows the variation of the derivatives with
aspect ratio for various 1ift coefflcients. Also shown on the figure are the
theoretical values of these derivatives for one 1lift coefficient as determined
from the method of reference 5. These data show that at the higher aspect ratios
(lowest sweep angles) the values of the derivatives were generally small and
relatively unaffected by 1lift coefficient. As the aspect ratio was reduced, how-
ever, increases 1n 1lift coefficient resulted in very large changes 1n the
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derivatives. The theoretical prediction of the derivatives appears to be fairly
good except in the case of Clr - CZB cos a vwhere tests show a variation from

positive values to negative values with increasing sweep, whereas the theory
shows increasing positive values with increasing sweep. The difference between
theory and tests at large sweep angles becomes more pronounced with increase in
1lift coefficient. The trend of the experimental data shown in figure 13 for this
derlvative 1s 1In qualitative agreement with the experimental data of reference 7.

In-phase derivatives.- The variastion of the in-phase rolling and yawing
derivatives with angle of attack is presented in figure 1k. The corresponding
parameters obtained from static tests are compared with the oscillation deriva-
tives for one representative case, the 80° swept wing, in figure 15. The dats
show good agreement except at the higher angles of attack where the differences
in static and oscillatory data may be attributed to flow separation.

SUMMARY OF RESULTS

The results of a low subsonic investigation of the stability characteristics
of a series of thin flat-plate delta wings having leading-edge sweep angles from
70° to 84° can be summarized as follows:

1. The static longitudinal stabllity, the directional stability, and effec-
tive dihedral increased with increasing sweep angle. The static lateral deriva-
tives were linear at low angles of attack and became increasingly nonlinear with
increase in angle of attack and increase in sweep. The longitudinal stability
and effective dihedral generally increased as predicted by theory.

2. The values of the rolling and yawing oscillation derivatives were gener-
ally small and relatively unaffected by change in 1ift coefficient for the
lowest sweep angles. As sweep was increased, increases in 1ift coefficient
resulted in very large changes in the values of the out-of-phase derivatives.
The theoretical prediction of the derivatives at low 1lift coefficients appears
to be fairly good except for the case of C;, at the higher sweep angles where

the experimental and theoretical results showed opposite trends.

Langley Research Center,
National Aeronautics and Space Administration,
Langley Station, Hampton, Va., April 25, 1963.
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$ 2.91
t—.125 *
Leading-edge | Aspect | Span, Root chord, | 3, in. Wing area, a, In.
sweep, A, deg| ratlo b, 1in cp, 1n. 5G. in.
70 1.48 35.20 48,36 32.24 B51.3 19.30
76 1.00 29.14 58.44 38.98 " 23,39
78 0.85 26.91 63.28 42,21 " 25.32
80 0.71 24,70 69,49 46,35 " 27.81
82 0.56 21.87 77.84 51,92 " 31.15
84 0.42 18,92 90.00 80,00 " 36.00

Figure 3.- Sketch showing detalls of the models used in the tests.
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Figure L.- Effect of sweep angle on the statlc longitudinal characteristics of the wings tested.
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Plotted per radian.

Figure 12.- Variation of out-of-phase rolling and yawing oscillation derivatives with angie of
attack.
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